. 2013. Warm Arctic, cold continents:
the negative AO phase, Arctic weather is relatively mild, while severe winter weather increases across the Northern Hemisphere extratropical continents, including more frequent cold-air outbreaks and storminess. In contrast, during the positive AO phase, cold air masses remain locked in the Arctic, favoring persistence of a milder winter weather regime in the mid-latitudes (Thompson and Wallace, 2001 ).
Consequently, the ability to predict the correct AO phase and amplitude would provide significant forecast skill for winter surface temperatures (Cohen and Jones, 2011) . The forecast challenge is that the AO is considered unpredictable beyond a week or so and to date has not been successfully predicted by dynamical models (Hoskins, 2013) . However, recent research suggests high-latitude boundary conditions could force the AO phase and, hence, they could be exploited for seasonal forecasts. Specifically, low sea ice and high snow cover are related to a predominantly negative AO phase during winter (Cohen et al., 2012a; Liu et al., 2012) . to the rest of the globe (e.g., Serreze and Francis, 2006; Screen and Simmonds, 2010; Screen et al., 2012) . Therefore, the impacts of observed (e.g., Serreze et al., ABSTR ACT. Arctic sea ice was observed to be at a new record minimum in September 2012. Following this summer minimum, northern Eurasia and much of North America experienced severe winter weather during the winter of 2012/2013.
A statistical model that used Eurasian snow cover as its main predictor successfully forecast the observed cold winter temperatures. We propose that the large melting of Arctic sea ice may be related to the rapid advance of snow cover, similar to the connection made in studies of past climates between low Arctic sea ice and enhanced continental snowfalls and glacial inception via ice sheet growth. Regressions between autumnal sea ice extent and Eurasian snow cover extent and Northern Hemisphere temperatures yield the characteristic "warm Arctic/cold continents" pattern. This pattern was observed during winter 2012/2013, and it is common among years with observed low autumn sea ice, rapid autumn snow cover advance, and a negative winter Arctic Oscillation. Dynamical models fail to capture this pattern, instead showing maximum warming over the Arctic Ocean and widespread winter warming over the adjacent continents. We suggest that the simulated widespread warming may be due to incorrect sea ice-atmosphere coupling, including an incorrect triggering of positive feedback between low sea ice and atmospheric convection, resulting in significant model errors that are evident in seasonal predictions and that potentially impact future climate change projections.
INTRODUCTION
Air-sea interaction is thought to dominate climate variability on seasonal to longer time scales (Goddard et al., 2012) . Over the past several decades, the focus of seasonal prediction has been air-sea interaction in the tropics, specifically that associated with the El Niño-Southern Oscillation (ENSO; Rasmusson and Carpenter, 1982; Alexander et al., 2002) , with the assumption that knowledge of ENSO's state provides most of the skill in seasonal forecasts (Hoskins, 2013) . Recently, however, there has been interest in the high latitudes and the possibility that air-sea interaction in the Arctic could be forcing teleconnection patterns and remotely influencing weather in the mid-latitudes (Greene and Monger, 2012 Stroeve et al., 2011) and projected (e.g., Holland et al., 2006; Overland et al., 2012; Stroeve et al., 2012) (Alexander et al., 2004; Deser et al., 2004; Magnusdottir et al., 2004; Honda et al., 2009; Hopsch et al., 2012; Jaiser et al., 2012; Liu et al., 2012) . Cohen and Entekhabi (1999) first reported moderate correlations between fall Eurasian snow cover extent and the winter AO, and subsequent modeling studies confirmed the relationship (Gong et al., 2002; Fletcher et al., 2007; Orsolini and Kvamsto, 2009; Allen and Zender, 2011) . Recently, Cohen and Jones (2011) developed a new snow cover index that measures the daily rate of snow-cover change rather than its monthly mean extent. This new index is referred to as the snow advance index (SAI) and is highly correlated with the winter AO (r ~ 0.8). A proposed dynamical argument for this statistical correlation is that a greater or more rapid snow cover extent leads to a strengthened and expansive Siberian high, which enhances vertical Rossby wave energy propagation from the troposphere into the stratosphere, weakens the stratospheric polar vortex, and contributes to a negative AO at the surface .
Arctic sea ice and snow cover may be related. Cohen et al. (2012a) hypothesized that melting Arctic sea ice could contribute to both increased fall snow cover and a negative winter AO. Still, a relationship between decreased sea ice and increased snow cover has not been rigorously demonstrated through observational analysis, though it has been shown in modeling studies (Ghatak et al., 2010 (Ghatak et al., , 2012 . Using a mesoscale model, Strey et al. (2010) and Porter et al. (2010) show that sea ice decline does result in warming and moistening of the Arctic boundary layer during the late summer and fall, impacting weather patterns locally and remotely. This warmer, moister air mass extended onto the adjacent continents and affected snow cover across Eurasia (Strey et al., 2010) .
Less sea ice leading to more snowfall is also consistent with a large body of research on glacial cycles, suggesting that less sea ice increases the availability of atmospheric moisture and favors increased snowfall, possibly playing an important role in glacial cycle dynamics (Stokes, 1955; Ewing and Donn, 1956; Le Treut and Ghil, 1983; Gildor and Tziperman, 2003) .
If variations in sea ice and snow cover truly force winter weather, then knowledge of observed anomalies in each could be exploited for seasonal predictions. Eurasian snow cover extent and the SAI are currently employed in an operational statistical model whose accuracy is in great part derived from using the Eurasian October snow cover to predict the phase and amplitude of the following winter AO Cohen et al., 2010 Cohen et al., , 2012a Cohen and Jones, 2011) .
Though seasonal forecasting has traditionally relied on statistical techniques to predict sensible weather, more emphasis has been placed in recent years on dynamical models because they outperform statistical models in predicting phenomena such as ENSO (Barnston et al., 2012) . Indeed, fully coupled and complex dynamical models are the dominant forecast tool at leading government forecast centers (National Research Council, 2010 
FALL 2012
Arctic sea ice extent has changed dramatically over the past decade (e.g., Serreze et al., 2007; Stroeve et al., 2011) . Modern-day record minima in observed sea ice extent occurred in 
LESS SEA ICE LEADS TO MORE SNOW COVER?
Has the dramatic decline in sea ice contributed to the observed increased snowfall? Sea ice decline has been particularly remarkable in the Kara, Laptev, and Chukchi Seas, which lie north of Siberia. (Rayner et al., 2003) and snow cover data from the Interactive Multisensor Snow and Ice Mapping System (IMS; Ramsay, 1998 (Robinson et al., 1993 
If there is a connection among reduced sea ice, greater snow-cover extent, and more severe winter weather, then the warm Arctic/cold continents pattern should be common to variability patterns of both sea ice and snow cover. (Kalnay et al., 1996) . (e) As in (c) but using fields from a twentieth-century CCSM4 climate reconstruction run. Contour interval every 0.2K (…-0.3, -0.1, 0.1, 0.3…). The relationship among negative AO, less sea ice, and more snow cover with warm temperatures is shown in red. An ocean mask is applied to all latitudes equatorward of 70°N. Thick brown lines denote regression coefficients significant at p < 0.1 levels based on a two-tailed Student t test. Regressions onto January to March zonal mean air temperatures yielded similar results. Given the published skill of the model from hindcasts Cohen and Jones, 2011) , past successes of operational forecasts (Cohen et al., 2010 (Cohen et al., , 2012a , and the success of the winter 2013 forecast, it is highly probable that this winter's severe weather was related to the rapid advance in snow cover in the fall. Though no known empirical forecast model directly incorporates sea ice extent for winter seasonal forecasts, the severe winter weather is also consistent with the extremely low sea ice observed in fall 2012.
As discussed above, the pattern that may best relate low sea ice, extensive snow cover, and negative AO is the warm Arctic/cold continents temperature pattern in winter. (d) As in (c) but for using the detrended October Eurasian snow cover index. All atmospheric data downloaded from the NCEP/NCAR reanalysis (Kalnay et al., 1996) . (e) As in (c) but fields from a twentieth-century CCSM4 climate reconstruction run. Thick brown lines denote regression coefficients significant at the p < 0.1 levels based on a two-tailed Student t test. This figure suggests that there may be a link between decreased sea ice, extensive snow cover, the negative AO, and extreme/severe winter weather. When the Arctic is warm and dominated by high pressure, the jet stream weakens and shifts equatorward, and atmospheric blocking is more prevalent (Rex, 1950) . Correct cryosphere-climate coupling is critical for simulating and, therefore, predicting winter climate not only on a seasonal scale but also on longer scales. Cohen et al. (2012a) in the other three seasons (Cohen et al., 2012b) . Cohen et al. (2012a) proposed that sea ice loss has contributed to moistening of the Arctic, which has resulted in more extensive snow cover in the fall that in turn forced a dynamical response in the atmosphere favorable to a negative winter AO. The enhanced snow accumulation is also consistent with the idea that low sea ice and warm temperatures lead to enhanced snow accumulation and ice age inception (Stokes, 1955; Ewing and Donn, 1956; Le Treut and Ghil, 1983; Gildor and Tziperman, 2003) . Dynamical models produced universally poor temperature forecasts for winter 2013. We hypothesize that the erroneous predicted model warmth across the northern continents and sea ice retreat may be related. Furthermore, Figure 7 . Dynamical model predictions of winter 2012 temperatures diverged from observations. They show a strong bull's-eye of warming over the Barents Sea in the Arctic that is not seen in observations. The pattern of warming is reminiscent of coupled model future temperature projections. (a) Surface air temperature anomalies in °C. National Multi-Model Ensemble (NMME) models used to compute the ensemble-mean include CFSv1, CFSv2, GFDL-CM2.2, IRI-ECHAM4-f, IRI-ECHAM4-a, CCSM3.0, and GEOS5. Data were downloaded from http://www.cpc.ncep.noaa.gov/products/NMME/. (b) Composite differences in surface air temperature (K) between 2079 and 2100, minus 1979 to 2000. The future scenario used is the rcp45 (a moderate emissions scenario; i.e., the radiative forcing reaches 4.5 Wm -2 by 2100). Models predict the greatest warming will be in the region of largest Arctic sea ice loss. Coupled Model Intercomparison Project phase-5 (CMIP5) models used to compute the ensemble-mean include BCC-CSM1-1, CCSM4, CNRM-CM5, CSIRO-Mk3-6-0, GFDL-CM3, GISS-E2-H, GISS-E2-R, INMCM4, MIROC5, MIROC-ESM, MPI-ESM-LR, MRI-CGCM3, NorESM1-M, and NorESM1-ME. 
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